Introduction
Aspergillus fumigatus undergoes morphological transition throughout its growth and development [1] . The hyphae and non-homogeneous growth of fi lamentous molds complicate the determination of the minimum inhibitory concentrations (MIC) of antifungals against them [2] . However, an important factor preventing the study of antifungal pharmacodynamics for opportunistic molds is the lack of which causes the formation of short, stubby, highly branched hyphal clusters [7] .
The fungicidal activity of antifungal agents can be evaluated by determining either the minimum fungicidal concentration (MFC) or the time-kill method [8] . Since hyphae are the morphological form found in tissue during invasive aspergillosis, the usefulness of conidia of the fungus in time-kill studies is often questioned [9] . In addition, there are very few studies that have used the time-kill method with molds [10] . The MFC study is a useful alternative but it has not been standardized [8] . Colorimetric methods may be of use since they can achieve the precise quantifi cation of hyphal growth and generate the clear-cut end points. To that end, 2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide (XTT) is a tetrazolium salt which is converted by mitochondrial dehydrogenases of viable fungi to an orange formazan product which may be of use in in vitro studies [1] .
The comparative pharmacodynamics of time kill and XTT colorimetric methods may be of use in evaluating the effects of drugs in the early and late phases of fungal growth, as well as providing information about usefulness of these methods with fi lamentous fungi. So, in this study we aimed to investigate the in vitro activity of caspofungin (CAS), amphotericin B (AMB) and voriconazole (VORI) against clinical A. fumigatus isolates by the time-kill method and XTT reduction assay.
Materials and methods

Isolates
Eight clinical isolates of A. fumigatus were employed in this study. Candida parapsilosis ATCC 22019 and A. fumigatus RSHMB 04005 were used for quality control purposes. Before the testing, all isolates were subcultured at least twice on potato dextrose agar at 30 ° C for 5 -7 days. Conidia were collected with a swab and suspended in sterile saline containing 0.05% Tween 20. After heavy particles were allowed to settle for 5 -10 min, the turbidity of the supernatants was spectrophotometrically adjusted to an optical density (OD) that ranged from 0.09 -0.13 (80 -82% transmittance). Inoculum quantitation was also performed by plating 0.01 ml of 1/100, 1/1000 and 1/10,000 dilutions of the adjusted inocula suspensions onto Sabouraud dextrose agar to determine the viable number of CFU per milliliter [2] .
XTT and menadione
XTT (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline at a concentration of 1 mg/ml and after it was completely dissolved, the solution was fi ltered through a 0.22 μ m pore size fi lter. Initially, menadione (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in acetone at a concentration of 10 mM and then diluted 1:10 in saline. Final solutions including 0.5 mg/ml XTT with 125 μ M menadione were prepared in saline [11] .
Antifungal drugs
VORI (Pfi zer, New York, NY, USA), AMB (Sigma, St Louis, MO, USA), and CAS (Merck, Rahway, USA) were obtained as standard powders from their respective manufacturers. Antifungal stock solutions were prepared in dimethyl sulfoxide (for VORI and AMB) and distilled water (for CAS). Drug dilutions were prepared in RPMI 1640 medium (Sigma-Aldrich, Steinheim, Germany) buffered to pH 7.0 with 0.165 M MOPS (morpholinepropanesulfonic acid; Sigma-Aldrich, Steinheim, Germany), to yield the fi nal two-fold drug concentrations of 0.03 -16 mg/l for AMB and VORI and 0.06 -128 mg/l for caspofungin. The solutions were dispensed into 96-well microtiter plates and stored at Ϫ 70 ° C until use [7] .
Antifungal susceptibility testing
Clinical and Laboratory Standards Institute (CLSI) broth microdilution method (CLSI M38-A2) was used for antifungal susceptibility testing [7] . Briefl y, fungal suspensions including 1 -5 ϫ 10 6 CFU/ml conidia were diluted 1:50 in RPMI 1640 medium and dispensed (0.1 ml) into microtiter trays containing antifungals and incubated for 48 h at 37 ° C. The MIC endpoint for AMB and VORI was defi ned as the lowest concentration that produced complete inhibition of growth. In contrast, MEC was used for CAS, and defi ned as the lowest drug concentrations that were found microscopically to produce short, stubby, and highly branched hyphae [7] . All experiments were performed in duplicate.
Fungicidal activity testing (MFC)
The minimum fungicidal concentrations (MFCs) were determined, in duplicate, by subculturing 0.1 ml aliquots from all MIC wells showing no visible growth onto SDA plates. The latter were incubated at 37 ° C for 48 h. The MFCs of voriconazole and amphotericin B were defi ned as the lowest drug concentration yielding no growth [11] .
Time-kill studies
The fungicidal activity of three antifungal agents against A. fumigatus isolates was determined by conventional time-kill experiments. One milliliter of conidial suspension in 9 ml RPMI 1640 broth (10 6 conidia/ml) was incubated ELX800, USA). Absorbance readings were standardized in relation to unconverted XTT in the medium control wells and plate absorbance (692 nm) to determine the optical density at 492 nm. All experiments were performed in duplicate.
The quantifi cation of fungal growth using XTT
A dense fungal suspension (5 ϫ 10 8 CFU/ml) was prepared of an A. fumigatus isolate and then serially diluted in RPMI 1640 broth to obtain 20 different inoculum suspensions. Two hundred μ l aliquots of each fungal suspension were inoculated into three consecutive wells of the microplate, to which 50 μ L of XTT-menadion mixture was simultaneously added and the plates incubated for 2 h at 35 ° C. At the same time, portions of each suspension were inoculated onto SDA in order to determine CFUs. Plates were read at 492 nm spectrophotometrically, and mean absorbance value of the three wells was calculated for each fungal suspension. Colonies were counted on SDA plates after 48 h incubation at 35 ° C. A sigmoidal calibration curve was formed with colony counts corresponding to each absorbance value obtained with the XTT test (Fig. 2 ). In the time-kill test with XTT, colony counts corresponding to absorbance values were obtained from this graph and timekill graphs were formed.
at 37 ° C in the presence of various concentrations (1, 4 and 16 times the MIC) of AMB, VORI and CAS. Antifungalfree controls were also included. At 0, 3, 6, 12, 24 and 48 h intervals, 0.1 ml aliquots of the fungal suspension were removed and diluted appropriately to obtain 10-to 10 4 -fold dilutions, from which 30 μ l aliquots were inoculated in duplicate on SDA plates. The plates were incubated at 35 ° C for 48 h to determine the CFU/mL. Fungicidal activity was defi ned as a Ն 3 log 10 (99.9%) reduction in CFU/ ml as compared to the starting inoculum. Fungistatic activity was a Ͻ 99.9% reduction in CFU/ml from the starting inoculum [11] .
Time kill with XTT reduction assay
Cellular viability was calculated as a function of metabolism as indicated by a change from a colorless to orange colored solution depending on the relative viability of the fi lamentous population by XTT reduction assay. In our studies, as mentioned above, suspensions at the three different concentrations of each antifungal were prepared (two times the desirable concentrations). Separate microplates were set up for each time point which had been previously determined (6, 12, 24, and 48 h) . As seen in Fig. 1 , the fi rst column included control wells (100 μ l media without drugs) in each microplate. The next three columns were inoculated with 100 μ l of three different concentrations of AMB, VORI and CAS, with the 5th and 9th columns left empty. One hundred μ l of the inoculum suspension was then inoculated into each well. Each plate was taken from the incubator 2 h prior to the conclusion of its incubation time so that 50 μ l of XTT-menadione solution could be added to each well. After 2 h of incubation with XTT, formazan absorbance for each well was read at 492 nm with a microplate reader (BIO-TEK, Fig. 2 Sigmoidal calibration curve which shows colony counts corresponding to each absorbance value which were obtained by the XTT test. In Fig. 2 it can be seen that the actual relationship between spectrophotometric absorbance values and logarithmic colony numbers is exponential. Therefore, values given in the graph can be represented by an exponential function y ϭ 0.0528e 0.463x which is obtained by using the least square method.
Results
I n the present in vitro susceptibility tests of A. fumigatus isolates we found that the MICs for AMB were 2 μ g/ml for 7 isolates and 1 μ g/ml for one of them (Table 1) . AMB MFCs ranged from 1 -4 μ g/ml for all test isolates. VORI MICs were 0.125 -0.25 μ g/ml and MFCs ranged from 1 -8 μ g/ml. CAS MECs were from 0.03 -0.125 μ g/ml. These results are similar to those that have previously appeared in the literature [3, 14, 15] . The MICs for the quality control isolates were within reference ranges. Since a complete growth inhibition could not observed, MFC was not evaluated for CAS.
Viable cell numbers were determined by inoculating the solid media as in the conventional time kill method, but measuring viability by absorbance caused by XTT. In order to compare these two tests, colony numbers corresponding to each absorbance value were calculated by using a calibration curve. Spectrophotometric absorbance values against colony numbers are showed in Fig. 2 . Using the spectrophotometric absorbance data in the graph, mean and standard deviation values were calculated as 1.1163 Ϯ 1.03 and 0.5, respectively. Confi dence level of 93% shows that the values obtained with the model curve are statistically signifi cant.
Conventional time kill and time kill with XTT results are presented in Table 2 and Fig. 3 . By the conventional time kill test, AMB was fungicidal ( Ն 99.9% reduction in CFU) for all isolates at 4 -16 MICs after 48 h incubation. Fungicidal effect for VORI was determined to be 4 ϫ MIC for only one isolate and 16 ϫ MIC for four isolates at 48 h. CAS was also fungicidal at 1 ϫ MIC for one isolate and 4 -16 MIC for two isolates at 48 h.
AMB and VORI clearly inhibited growth as indicated by the time kill test with XTT reduction in the fi rst 24 h. However, while the rate of median reduction in viability caused by AMB was 99% at 4 ϫ MIC and 99.28% at 16 ϫ MIC, that due to VORI was 94.5% at 4 ϫ MIC and 92.88% at 16 ϫ MIC after 48 h of incubation. For CAS, signifi cant increases were observed compared to starting inoculum concentration.
Discussion
We found that AMB was the most active antifungal agent against A. fumigatus isolates. The killing effect of AMB was time-and concentration-dependent by the conventional time kill method. AMB was signifi cantly more effective at the beginning of drug exposure (fast killing effect within the fi rst 6 h) with no signifi cant alteration in activity from 6 -12 h. AMB had a fungistatic effect against all isolates at 24 h, while it was fungicidal at 16 ϫ MIC at 48 h. However, relatively higher concentrations of AMB were needed to cause complete growth inhibition. These results are in agreement with those obtained in previous in vitro studies, where AMB was found to be fungicidal against this species by time-kill assays [3, 14, 15] . While CAS caused an apparent general decrease in colony numbers, it had a fungicidal effect against only one isolate at 48 h. We noted in the fi rst 6 h of conventional time-kill tests of the effect of VORI against A. fumigatus that there was decreased killing effect with all isolates and an increase in growth at 12 h. However, the effects of the antifungal are strain-, time-and concentration-dependent at 24 and 48 h. Similarly, Manavathu et al . used a time-kill method to study the fungicidal activity of amphotericin B, itraconazole, and voriconazole against Aspergillus isolates and were able to demonstrate concentration-and time-dependent decreases in the number of CFU per milliliter for each antifungal [11] .
By the conventional time-kill method we found no increase in CFU counts in any isolate, despite dense turbidity in the drug-free control tubes. Conversely, colony number was decreased. Microscopic examinations revealed dense hyphal clumps and no conidial formation. Since colony growth is initiated by germinated conidia on solid media, conventional time kill may not be useful in assessing hyphal growth in liquid media. In contrast, XTT is employed to evaluate both conidial and hyphal viability and as a result may provide more accurate results.
Interestingly, we noted with CAS after 48 h a signifi cant increase in viable cells, as compared to initial inoculum concentration, by the time kill method with XTT. Despite the initial activity of CAS targeting the cell wall of hyphal tips in the germinated conidia, we observed that CAS was ineffective, in vitro , against highly fi lamentous strains of A. fumigatus . In this paper, we evaluated whether the conventional time-kill method was more convenient than the time-kill method with XTT to evaluate the effects of antifungals against Aspergillus and other molds. For this purpose we used XTT to determine fungal viability and constructed a model curve to compare the two methods. In addition, fungal suspensions at zero time point were used to generate this standardized curve. However, fungal metabolism may change over the course of time and could affect the results. Though this model cannot defi ne the data very well, it did enable us to compare the two methods.
As a result, AMB and VORI exhibited similar pharmacodynamic characteristics and were more active than CAS against the A. fumigatus isolates. For most isolates, the maximal effect was observed with the highest concentration tested (16 ϫ MIC) at 48 h. Conventional time kill test for molds utilizes only conidial inocula and consequently it may not be useful in assessing fi lamentous fungi. Since the XTT method measures the viability of all fungal components, we think that time kill with XTT may give more reliable results about the pharmacodynamics of antifungal agents. However, further studies would be required to evaluate the applicability of the XTT reduction assay for determining in vitro pharmacodynamic properties of fi lamentous fungus.
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